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Abstract 
 
There is increased interest in vegetation spatial pattern as an indicator of transition shifts 
associated with catastrophes, although much remains unknown about the mechanisms 
that underlie spatial pattern formations. In this study, we examined how the spatial 
heterogeneity of species distributions in the grasslands of the Central Pyrenees and 
Middle Atlas Mountains is associated with plant species diversity and the importance of 
self-organizing processes in the control of pattern formations. In the grasslands of the 
Central Pyrenees and Middle Atlas, the spatial heterogeneity of species distributions 
increased along a habitat degradation gradient defined by an increase in bare soil; 
however, the processes leading to patchy vegetation differed in the two regions. In 
Central Pyrenees grasslands, the increase in heterogeneity was associated with self-
organizing bare-soil formations, rather than the self-organizing distribution of plant 
species. In Middle Atlas grasslands, the increased heterogeneity of species spatial 
distributions was due to the self-organizing capacity of the composing species; the 
increase in bare soil was randomly distributed. In the more heavily grazed grasslands 
(Middle Atlas), but not in the more lightly grazed and better preserved ecosystem 
(Central Pyrenees), plant species richness and diversity declined significantly with an 
increase in grazing pressure because fewer species were able to colonize empty space. 
On the contrary, the colonization of bare soil by new species increased the diversity and 
spatial organization of new colonizing species in Central Pyrenees grassland. 
 
Introduction 
 
Typically, ecosystems involve the interactions of many components that lead to 
multiple states, which the actions of humans can shift from one stage to another 
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(Scheffer and Carpenter, 2003). Furthermore, ecosystems can show little change until, 
suddenly, at a critical threshold, they can shift to a more degraded state, where the 
ecosystem remains until it changes to a lower level (Scheffer et al., 2001). That theory is 
based on simple models in which the ecosystem is described by a few variables and the 
complexity of natural ecosystems is not considered (May, 1977). If environmental 
heterogeneity is included in the model, the response of the system (gradual or 
catastrophic) depends on the spatial patterns of environmental heterogeneity, which 
might reduce catastrophic shifts in ecosystems (van Nes and Scheffer, 2005). There is 
evidence that catastrophic shifts can be associated with self-organized spatial patterns of 
vegetation (Rietkerk et al., 2004). Although, spatial patchiness might be insufficient to 
precipitate sudden changes in ecosystems (Pascual and Guichard, 2005). Before spatial 
patterns can be considered a reliable predictor of transition shifts, we need a better 
understanding of the factors that determine pattern formation. 
The primary objective of pattern analyses is to detect macroscopic phenomena that 
result from interactions among individual components. Pattern distributions and 
abundance of plant species primarily result from higher-level processes (their 
constraints), such as environmental factors (e.g., climate, topography) and disturbance 
history (anthropogenic grazing and burning), whereas biotic factors, e.g., competition, 
vegetative propagation, and seed dispersal, act at  local level (Frelich et al., 1998). 
When examining spatial patterns, it is important to know whether spatial patterns arise 
from external perturbations that push the system away from a homeostatic state, or 
whether spatial patterns partly emerge due to the dynamics underlying the system. It is a 
challenge to distinguish subtle fluctuations caused by intrinsic interactions from other 
non-stationary trends caused by external stimuli. Power spectrum calculations assume 
stationarity and cannot distinguish between stationary and non-stationary signals 
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(Ivanov et al., 2002).  Distinguishing trends from fluctuations requires the use of 
Detrended Fluctuation Analysis (DFA), which removes the trends (Peng et al. (1992).  
DFA avoids spurious correlations caused by non-stationarities (Bunde et al., 2002), and 
is one of the most robust methods of fractal analysis  (Taqqu et al., 1995). One of the 
advantages of separating spatial patterns caused by pre-existing environmental 
heterogeneity from self-organizing processes is that differences in the fractal-scaling 
exponent of self-organizing patterns can be used to detect intrinsic changes in the 
control mechanisms. Self-organization is distinct from the clustering or autocorrelation 
that can result from environmental heterogeneity. 
The non-random spatial patchiness of vegetation can result from positive feedback 
mechanisms associated with plant facilitation (Bertness, 1994; Pugnaire et al., 1996; 
HilleRisLambers et al., 2001) or from self-organizing patches of bare soil, which 
increase run-off and soil erosion when vegetative cover is reduced (Elwell and 
Stocking, 1976). On the other hand, negative feedback processes caused by competition 
can decrease self-organization and increase randomness (Calé et al., 1989; Solé et al., 
2002). The effects of positive and negative feedback loops acting simultaneously, even 
in strictly homogeneous and isotropic environments, can generate spatial patterns of 
vegetation (Lefever and Lejeune, 1997; Lejeune et al., 2002). 
In this study, we analyzed the underlying mechanisms that influenced the spatial 
patterns of vegetation along degradation gradients in alpine grassland ecosystems in the 
Central Pyrenees (Spain) and the Middle Atlas Mountains (Morocco).  In doing so, we 
addressed the following questions: 
(1) Is the spatial heterogeneity of plant distributions associated with ecosystem 
preservation in subalpine grasslands?  
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(2) How does the relationship between spatial heterogeneity and ecosystem preservation 
vary with differences in the intensity of grazing pressure and soil loss? 
(3) How do positive and negative feedback processes, such as spatial self-organization 
and plant competition, influence spatial patterns along a gradient of grazing 
disturbance?  
 
Methods 
 
Study Areas 
The Middle Atlas site (13429 ha, 1900 m asl) is in the Ait Beni Yacoub (Morocco) 
fraction rangeland area (33º14’N, 5º04’W) where the average annual rainfall is 800 mm 
and the mean annual temperature is 22 ºC. The vegetation is subalpine grassland 
dominated by Carex spp. and Poa spp., with some remnant species from the degraded 
Cedrus forest, such as Genista pseudopilosa Casson and Thymus spp. In 2000, at 29 
locations within the Middle Atlas site, we identified the settled sheep producers and 
grazing areas, and recorded flock size and the amount of time sheep spent in the grazing 
areas. The locations were georeferenced using GPS (Geographical Position System) 
and, to create digital maps, the data were entered into a Geographical Information 
System (GIS). The average stocking rates of small ruminants ranged from 1.00 to 5.44 
animals per ha per year. 
In the Spanish Pyrenees, we studied two areas that are 48 km apart, Aísa (42º42’N, 
0º34’W) and Ordesa (42º36’N, 0º00’), which are representative of the calcareous 
summer pastures of the Central Pyrenees. At Ordesa National Park (15 608 ha) and Aísa 
(8154 ha), mean annual temperatures and mean annual rainfall are 4.9 ºC and 1721 mm, 
and 6.2 ºC and 1249 mm, respectively. The vegetation of the areas is typical of the 
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alpine and subalpine belts of the calcareous Pyrenees (Braun-Blanquet, 1948; Vigo and 
Ninot, 1987). Data were collected in the dense pastures of Bromion erecti and Nardion 
strictae that are between 1800 and 2000 m asl (García-González et al., 1991; Aldezabal, 
2001). Between July and September (2002), the Aísa pastures (1241 ha) were used by 
150 cattle and 2000 sheep. The Ordesa site has two pastoral areas, Góriz and Sesa. 
Góriz (5700 ha) held 6500 ewes and 200 cows. Sesa (1600 ha) held 2800 ewes, 550 
cows, and 91 horses (Fillat, pers. comm.). In Góritz, Aísa, and Sesa, the average 
stocking rates were 0.338, 0.584, and 1.038 small ruminants per ha per year, 
respectively. To determine the equivalents of large livestock and small ruminants, body 
weights (W) were transformed into metabolic weights (W0.75). As such, six sheep are 
equivalent to one cow (Heitschmidt and Taylor, 1991). 
 
Data collection and analysis 
In 2000 and 2001 at the Middle Atlas site, and in 2004 in the Pyrenees, vegetation 
surveys were conducted during the peak of vegetation growth (June-July). At each site, 
we randomly selected 27 transects (250 m long) parallel to the slope line. To estimate 
plant abundance and richness in each transect, we used the Point-Intercept Method 
(every 20 cm) (Goodall, 1952).  
The Proportional Diversity H’ Index, which is equivalent to Shannon entropy, integrates 
richness and evenness using the Shannon Information Index (Shannon, 1948). Evenness 
is the ratio between the non-equilibrium entropy and the corresponding equilibrium 
entropy (H/Hmax), and it reflects the disorder-based complexity (Landsberg and Shiner, 
1998).  
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The probability that a species occupies a transect (pi) is scale-dependent; i.e., ( )ε'H  
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 (Farmer et al., 1983). The distribution of species in 
the community, as measured by the DI, quantifies the degree of homogeneity, 
independently of the scale. The larger the DI value, the more homogeneous is the 
distribution.  
Scaling region included the area whose straight line obtained from a log-log plot was R2 
> 0.9. The values were constrained between 0 and 1 because we obtained the fractal 
dimension from linear transects (1-dimension). 
Information Fractal Dimensions quantify the relationship between species diversity and 
area, and are equivalent to the z exponent of the species-area relationship zA cAS =)(  
(Rosenzweig, 1995) for the moment q  =1 (Borda-de-Agua et al., 2002). A qth moment 
larger than 1 assigns a major contribution to well-represented species (largest pi values) 
and qth moments lower than 1 assign a major contribution to poorly represented species 
(lowest pi values).  
To determine the degree of spatial clustering of vegetated – non-vegetated areas and the 
cover of each species, independent of the scale of measurement, we used Detrended 
Fluctuation Analysis (DFA), which describes patch-vegetation connectivity by 
providing information about fragmentation, spatial autocorrelation, and patchiness. 
DFA was designed to detect long-range correlations in fluctuations when they are 
embedded in a seemingly non-stationary time-series (Peng et al. 1992; see also Alados 
& Weber 1999). In the DFA, the integrated sequence ∑= si izsy )()(  was subdivided 
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into non-overlapping sequential sets or 'boxes' of size b (z(i) = +1 for presence, z(i) = -1, 
for absence). A regression line was fit to each box of size b; i.e., )(syb  was regressed on 
s, and the residual variance per each box size was calculated, 
( )22 )(ˆ)()(
N
sysy
bF bb∑ −= . To provide the scale of the relationship αbF b ∝)( , that 
process was repeated for scales 4, 6, 8 …. 256 points along the first 1025 points of each 
transect. Following Halley et al. (2004), we chose a minimum scale greater than the 
minimum species crown diameter (inter-point separation), and a maximum inter-point 
distance (coarse resolution) of one quarter of the set diameter. The α parameter reflects 
the long-range correlation of the plant distribution sequence, which is equivalent to the 
Hurst exponent (Hausdorff et al., 1997). Theoretically, α is not affected by the 
magnitude of fluctuations, but by the sequential ordering of the fluctuations. If  21>α , 
the sequence depends on the history of the distribution and, when 21=α , the sequence 
is randomly distributed. 
To quantify the spatial structure in the patterns of bare soil patches, we used the 
exponential semivariogram model, γ(h), which provided the best fit to our data (Rossi et 
al., 1992). The empirical variogram is a plot of the observed values of variance 
(gamma) as a function of distance. The exponential model is 
[ ])/exp(1)( 1 ahcch o −−+=γ , where c0 is the nugget, which represents the spatial 
variation at distances shorter than the sample spacing; c1 is the sill, which represents the 
asymptotic maximum semivariance value, and a is the range, which is the distance at 
which the data are no longer spatially autocorrelated (Robertson and Gross, 1994).  
Non-linear adjustments were performed using the Gauss-Newton Method (SAS Institute 
2001). When X and Y were subject to error, we performed orthogonal regressions. For 
ANOVAS, the data were normalized (Sokal and Rohlf, 1995). Except where noted 
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otherwise, values are presented as mean ± standard error. We performed statistical 
analyses using SAS V8.2. 
 
Results 
 
The larger number of species and the lower proportion of bare soil in the Central 
Pyrenees (Table 1) indicates that these grasslands have a better conservation status than 
those in the Middle Atlas. Biomass production, which was estimated indirectly using 
the number of species contacts along the 250-m transect, the Evenness Index and 
proportional diversity (Shannon Diversity Index), and the average homogeneity of 
species distribution (DI) were significantly higher in the Pyrenees than in the Middle 
Atlas grasslands. 
To determine whether spatial patterns of vegetation were the result of preexisting 
environmental heterogeneity or of spatial self-organization, we analyzed the changes in 
vegetation patterns along a degradation gradient caused by grazing, which is one of the 
main activities affecting vegetation in the subalpine rangeland ecosystems of our study 
areas. At the Middle Atlas site, the exponential increase in the proportion of bare soil in 
response to increased grazing pressure (F1, 28 = 35.12, P < 0.001, Fig. 1) indicated that 
grazing pressure had a negative impact on the preservation of the vegetation whereas, in 
the Central Pyrenees grasslands, the proportion of bare soil was not significantly 
effected by grazing pressure (F1, 25 = 3.07, P = 0.09). In the Middle Atlas grasslands, but 
not those of the Central Pyrenees, grazing pressure had a negative effect on plant 
diversity and richness, and a positive effect on the self-organizing patchiness of 
vegetated - non-vegetated areas, at least at the grazing pressures observed in our study 
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(Table 2). At both the Middle Atlas and Central Pyrenees sites, grazing pressure did not 
have a significant effect on the homogeneity of species distributions. 
The homogeneity of plant distributions (DI) and plant diversity were significantly 
negatively correlated in the grasslands of the Central Pyrenees (R2 = 0.48, F1, 25 = 23.11, 
P < 0.001) and the Middle Atlas (R2 = 0.49, F1, 25 = 24.08, P < 0.001) (Fig 2). The 
slopes of the regressions of the Central Pyrenees (b=-0.081 ± 0.017) and Middle Atlas 
(b = -0.125 ± 0.025) sites did not differ significantly, F1, 50 = 2.13 (Sokal and Rohlf, 
1995). 
To determine the processes that led to spatial heterogeneity, we compared the level of 
degradation (the proportion of bare soil) and the homogeneity of plant distributions (DI) 
(Fig. 2). In the Central Pyrenees grasslands (R2 = 0.35, b =-0.547 ± 0.149, t = -3.79, F1, 
25 = 13.7, P < 0.001) and, the Middle Atlas grasslands (R2 = 0.44, b =-0.330 ± 0.075, t = 
-4.43, F1, 25   = 19.59, P < 0.001), DI and the proportion of bare soil were significantly 
negatively correlated. The slopes of the regressions in the two regions did not differ 
significantly (F1, 50 = 1.66, NS). Thus, one of the mechanisms of spatial heterogeneity is 
the formation of bare soil.  
The empirical variogram for the distribution of bare soil revealed that bare soil was 
spatially autcorrelated in both the Middle Atlas and the Central Pyrenees grasslands 
(Appendix 1). The exponential model fitted significantly with the exponential 
variogram. On average, patches of bare soil were larger in Middle Atlas grasslands 
(26.46 ± 39.51 m, n = 22) than in Central Pyrenees grasslands (14.48 ± 20.43 m, n = 
17), but the difference was not statistically significant (F1, 37 = 1.29, NS) because the 
size of patches was highly variable. 
In the Central Pyrenees grasslands (b=-0.281 ± 0.08, t -3.43, R2 = 0.32, F1, 25 = 11.73, P 
< 0.001), but not in Middle Atlas grasslands (b = 0.193 ± 0.164, t = 1.18, R2 = 0.05, F1, 
 11 
25 = 1.40, NS), the self-organization of vegetated non-vegetated patches and the DI were 
significantly negatively correlated, i.e., the degree of vegetation self-organization 
decreased as the homogeneity of species distribution increased in the better preserved 
Central Pyrenees grasslands, only (Fig 3). Furthermore, the correlation between the 
degree of self-organization of vegetated – non-vegetated patches and the proportion of 
bare soil was strongly positive in Central Pyrenees grasslands (b = 0.80 ± 0.33, t = 2.40, 
R2 = 0.19, F1, 25 = 5.27, P < 0.05), but not in Middle Atlas grasslands (b  = 0.011 ± 0.119, 
t = 0.10, R2 = 0, F1, 25 = 0.01, NS).  
To determine the role that individual species played in the formation of spatial patterns, 
we analyzed the the relationship between differences in the degree of self-organization 
of the dominant species in each region and differences in heterogeneity of species’ 
distributions (DI). In Middle Atlas grasslands, the heterogeneity of the species 
distribution was associated with the self-organization of the dominant species, which 
represented 70% of the vegetative cover (Table 3). As the species’ distribution became 
more homogeneous, the self-organizing capacity of the species’ decreased rapidly. In 
contrast, in the Central Pyrenees, the self-organizing capacity of dominant species was 
maintained, or even decreased in response to an increase in the heterogeneity of species 
distributions, e.g., Agrostis capillaris L., Nardus stricta L., and Trifolium repens L., 
which had alpha values that increased as DI increased. 
The intensity of competition is expected to be greater in resource-rich ecosystems than 
in impoverished ecosystems as it can be estimated by the evenness vs. richness 
relationship. A pronounced positive relationship indicates high species competition with 
increasing number of species, while low relationship indicates  the over dominance of 
some of the few species present. In Central Pyrenees grasslands (R2 = 0.60, F1, 25 = 
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37.56, P < 0.001) and, to a lesser extent, in Middle Atlas grasslands (R2 = 0.14, F1, 25 = 
4.08, P = 0.05) evenness and richness were significantly positively correlated. 
In the Middle Atlas grasslands, the self-organization of Genista pseudopilosa, declined 
linearly (F1, 16 = 5.15, P < 0.05) with an increase in bare soil connectivity (alpha) (Fig. 
4). In Middle Atlas sites (R2 = 0.25, F1, 25 = 8.58, P < 0.01), but not in Central Pyrenees 
sites (R2 = 0.06, F1, 25 = 1.64, NS), species richness was significantly negatively 
correlated with the proportion of bare soil (Fig. 5). 
 
Discussion 
 
Plant distribution and bare-ground formation are two of the most important processes 
leading to spatial heterogeneity in grazed ecosystems. To measure plant spatial 
distributions, we used scale-free techniques, such as Information Fractal Dimension 
(DI), because the statistical properties of plant distributions are non-stationary (Loehle et 
al., 1996; Alados et al., 2004), i.e., they are not distributed homogeneously. A change in 
DI reflects a change in the homogeneity of species distributions, independent of scale. 
Previous studies revealed a negative correlation between the homogeneity of species 
distributions and plant species diversity in semi-arid shrubland ecosystems (Alados et 
al., 2003; Alados et al., 2006). In the Middle Atlas and Central Pyrenees grassland 
ecosystems, we also observed an inverse relationship between DI and species diversity. 
The intensity of the relationship was similar in both regions, which indicates its 
consistency, despite the differences in species diversity and land degradation of the two 
areas. That result is consistent with the general phenomenon of greater diversity in 
heterogeneous habitats than in equivalent homogeneous habitats, which occurs because 
heterogeneous habitats contain a variety of types of habitat patches, which allows 
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organisms that have different resource requirements to coexist and, thereby, increases 
the number of species in the community.  
If the change in the fractal dimension of species distribution patterns reflects only the 
fractal distribution of habitat, fractal dimension should not change with an increase in 
the degradation of the habitat, but it does, which indicates that differences in fractal 
dimensions can be used to infer changes in the mechanisms of pattern formation. In our 
study, the Information Fractal Dimension (DI) decreased as the proportion of bare soil 
increased. In Mediterranean woodland ecosystems, DI decreased along a gradient of 
grazing pressure (Alados et al., 2004), which differs from the pattern in semi-arid 
shrubland ecosystems, where the homogeneity of plant distributions increased with an 
increase in grazing pressure (Alados et al., 2003). Similarly, Cook et al. (2005) and 
Alados et. al. (2005) showed that spatial heterogeneity increased throughout vegetation 
succession. As the degree of degradation increases, small gaps occur in forests and 
grasslands, which allows invasion by colonizers and, as a result, leads to a reduction in 
the fractal dimension of plant distribution. In contrast, in steppe ecosystems, which are 
composed of sparsely distributed patches of vegetation, the fractal dimension increases 
because of the increase in the sparceness of vegetation. Thus, different processes lead to 
high homogeneity in species distributions (DI): (i) immigration increases the 
randomness of distributed species, as reflected by the species-area relationship (SAR); 
the slope of the SAR decreases as the relative importance of immigration diminishes 
(Solé et al., 2002); (ii) competition is strongest in resource-rich patches, and fast-
growing species out-compete slow-growing species (Callaway and Walker, 1997; 
Brooker and Callaghan, 1998; Hutchings et al., 2003), which results in a homogeneous 
species distribution (Calé et al., 1989; Solé et al., 2002); (iii)  the homogeneity of spatial 
distributions increase as species abundance decreases (Alados et al., 2003).  
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Thus, a common pattern existed in contrasting situations, i.e., greater homogeneity (DI) 
in the impoverished shrubland and in the better-preserved woodland and grassland 
ecosystems. That might explain the lack of a relationship between DI and grazing 
pressure in the Middle Atlas and Central Pyrenees grasslands. To understand that 
seemingly contradictory result, we need to consider the importance of self-organizing 
mechanisms in determining pattern formation.  
Fine-scale positive feedback between plants and soil, which results from a resource 
concentration mechanism, and coarse-scale negative feedback, which results from a 
large-scale depletion of resources (Rietkerk et al., 2004) are two of the main forces 
leading to sudden shifts to alternate vegetation stages. Although positive feedback is 
gaining interest in ecology and evolution (see Crespi, 2004, for review), it cannot be 
fully understood independent of negative-feedback processes.  The fine-scale negative 
feedback that results from plant competition can decrease spatial patchiness (Calé et al., 
1989; Solé et al., 2002), which occurred in steppe habitats, where competition with 
Stipa tenacissima L. reduced the self-organization of the brushwood distribution 
(Alados et al., 2006). In this study, the intensity of competition was greater in the better 
preserved Central Pyrenees grassland than in the Middle Atlas grasslands, as revealed 
from the evenness – richness relationship. In many cases, negative feedback can 
equilibrate system dynamics, e.g., population regulation.  
To determine whether spatial patterns are caused by self-organizing processes of bare-
ground formations (positive feedback mechanisms) or from a change in the 
homogeneity of species distributions (partly caused by negative feedback due to 
competition, or by randomly colonizing processes). We examined the relationship 
between the spatial homogeneity of species distributions (DI) and self-organization 
(alpha) of vegetated – non-vegetated patches. In our study, the spatial homogeneity of 
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species distributions (DI) and self-organization (alpha) of vegetated – non-vegetated 
patches were strongly negatively correlated in the better-preserved grassland ecosystem 
of the Central Pyrenees, but not in the Middle Atlas. Indeed, the increase in bare-ground 
formations was associated with the self-organization of vegetated – non-vegetated patch 
distributions in Central Pyrenees grasslands. 
The relatively high homogeneity of the community species distribution in Middle Atlas 
grasslands was associated with the loss of the self-organizing capacity of more abundant 
species, i.e., DI and alpha values of the most abundant species (those representing 70% 
of vegetative cover) were negatively correlated. Conversely, in Central Pyrenees 
grasslands, the spatial homogeneity of plant distributions was not related to the self-
organized distribution of the most abundant species (with the exception of Agrostis 
capillaris, Nardus stricta, and Trifolium repens), which increased, but with the greater 
competitive ability of invading species. 
Most alpine plant communities are dominated by perennial species that exhibit clonal 
growth, low seedling recruitment rates, and long life spans (Doak and Loso, 2003). 
Disturbance (e.g., grazing, dung deposition, digs by wild boar) provides critical 
microsites for the reproduction and survival of phalanx-type plants that are at a 
competitive disadvantage against aggressively spreading guerrilla species in densely 
vegetated mature pasturelands (Doak and Loso, 2003). In Central Pyrenees grasslands, 
species such as Carex spp., Festuca rubra L., Sanguisorba minor Scop., and Lotus 
corniculatus L., which are opportunistic and can occupy empty space very quickly, 
tended to increase in self-organization as the vegetated – non-vegetated alpha increased, 
which indicates that species were available to occupy those habitats, and that 
colonization by species adapted to disturbed habitat promoted species richness as the 
proportion of bare soil increased. The proliferation of highly productive and competitive 
 16 
generalist species that invade refuge habitats will reduce diversity in the long term. The 
accumulation of local species extinctions offsets the positive effect of dispersal on local 
diversity, which was the case in Middle Atlas grasslands, where species richness was 
negatively correlated with the proportion of bare soil because no more generalist species 
were available to invade the gaps.  
The extent and rate of soil erosion depends on the degree and pattern of soil loss. For 
example, long subplots accumulate less runoff than do short subplots of the same size 
(Ludwig et al., 2005). Neutral landscape models suggest that the extent of habitat loss 
required to cause the landscape to become disconnected (fragmented) is lower when 
self-organization is high (larger alpha exponent) than when bare soil is more randomly 
distributed (lower alpha values) (With et al., 1999; With and King, 1999). If soil is lost 
in small and isolated random cells across the landscape, a larger amount of bare soil is 
needed to produce the same runoff rate because the interception of water by vegetation 
reduces runoff. If soil is lost in a set of connected patches of bare soil, runoff power can 
increase dramatically as water accumulates on the soil under even lower bare soil. 
Increased soil connectivity (alpha of vegetated – non-vegetated patches) negatively 
influenced the self-organizing capacity of G. pseudoplilosa, which acts as a “nursery 
plant” that increases soil infiltration and nutrients around the plant crown and promotes 
facilitation in neighbor species (Pugnaire et al., 1996).  
In conclusion, the homogeneity of species distributions in grassland ecosystems 
in the Central Pyrenees and the Middle Atlas Mountains was negatively correlated with 
ecosystem diversity and with bare soil. In areas where species of secondary succession 
were available, homogeneity was governed by the colonization by invader species, and 
it is the patchy distribution of vegetated - no-vegetated areas that favoured the 
heterogeneity of species distributions associated with the self-organization of new 
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colonizing species. That was the case of Central Pyrenees grasslands. In more degraded 
areas, where grazing pressure is higher, as in the grasslands of the Middle Atlas, the 
heterogeneity of species distributions is the result of the self-organizing distributions of 
dominant species, and increases in bare soil do not allow the development of self-
organization of species because of its scarcity; therefore, homogeneity is maintained.  
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Figure Legends: 
 
Fig. 1. Non-linear adjustments using the Gauss-Newton Method, and 95% confidence 
intervals for changes in the proportion (%) of bare ground and grazing pressure at 
grassland sites in the Middle Atlas Mountains (Morocco) and the Central Pyrenees 
(Spain). Data are from 54 line-transects (250 m each, 27 per region). 
 
Fig. 2. Relationships (based on orthogonal regressions) between the homogeneity of 
species distribution (based on Information Fractal Dimension, DI) and (a) Shannon 
Diversity Index and (b) bare soil ratio at grassland sites in the Middle Atlas Mountains 
(Morocco) and the Central Pyrenees (Spain). Data are from 54 line-transects (250 m 
each, 27 per region). 
 
Fig. 3. Relationships (based on orthogonal regressions) between (a) the homogeneity of 
species distribution (based on Information Fractal Dimension, DI) and vegetation self-
organization, and (b) between vegetation self-organization and the bare-soil ratio at 
grassland sites in the Middle Atlas Mountains (Morocco) and the Central Pyrenees 
(Spain). Self-organization was calculated using the alpha exponent of the Detrended 
Fluctuation Analyses of the vegetated – non-vegetated patch distribution. Data are from 
54 line-transects (250 m each, 27 per region). 
 
Fig. 4. Orthogonal regressions of the self-organizing distribution of Genista 
pseudopilaosa  agains vegetated – non-vegetated self-organization at grassland sites in 
the Middle Atlas Mountains (Morocco). 
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Fig. 5. Relationships (shown by orthogonal regressions) between species richness and 
bare soil ratio at grassland sites in the Middle Atlas Mountains (Morocco) and the 
Central Pyrenees (Spain). Data are from 54 line-transects (250 m each, 27 per region). 
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Table 1. Mean (±se) plant species richness, proportion (%) of bare soil, frequency of 
vegetation contacts, plant diversity (Shannon and Evenness indices), and spatial patterns 
(Information Fractal Dimension, DI,  and self-organization of vegetated - non-vegetated 
patches, Alpha) at grassland sites in the Middle Atlas Mountains (Morocco) and the Central 
Pyrenees (Spain) based on 54 transects (250 m each, 27 per region). 
 
Variable F(1, 52) Middle Atlas Central Pyrenees 
    
Richness 38.20*** 33 ± 1.4 52 ± 2.7 
Bare soil 31.43*** 23.85 ± 2.63 6.93 ± 1.26 
Vegetation contacts 246.18*** 1057.26 ± 45.52 5683.3 ± 291.4 
Shannon 22.57*** 2.16 ± 0.074 2.75 ± 0.099 
Evenness 9.96** 0.620 ± 0.017 0.698 ± 0.017 
DI 5.35* 0.747± 0.013 0.788 ± 0.011 
Alpha  0.63 0.660 ± 0.015 0.680 ± 0.023 
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Table 2. Orthogonal regressions of grazing pressure used in text (number of small ruminants 
per ha per year) against plant species richness, diversity (Shannon and Evenness indices), and 
spatial pattern (self-organization of vegetated - non-vegetated patches, Alpha, and 
Information Fractal Dimension (DI) at grassland sites in the Middle Atlas Mountains 
(Morocco) and the Central Pyrenees (Spain) based on 54 line-transects (250 m each, 27 per 
region) 
 
   
Middle Atlas Grasslands 
 
 
 Variable          b          se        t       R2   F(1, 25)         P< 
Richness  -3.413 0.740 -4.61 0.46 21.28 0.0001 
Shannon   -0.155 0.041 -3.75 0.36 14.03 0.001 
Evenness  -0.025 0.011 -2.22 0.16 4.93 0.05 
Alpha  0.022 0.009 2.21 0.16 4.91 0.05 
DI  0.001 0.001 0.07 0.00 0.01 NS 
 
  
  
Central Pyrenees Grasslands 
 
 
 Variable         b           se        t       R2   F(1, 25)         P< 
Richness  -3.048 9.472 -0.32 0.00 0.10 NS 
Shannon   -0.043 0.348 -0.13 0.00 0.02 NS 
Evenness  0.002 0.061 0.03 0.00 0.00 NS 
Alpha  0.045 0.081 0.55 0.01 0.30 0.1 
DI  0.029 0.040 0.73 0.02 0.54 NS 
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Table 3. Orthogonal regressions between the alpha exponent of the Detrended Fluctuation 
Analysis (DFA) of dominant species and the heterogeneity of species distribution measured by the 
Information Fractal Dimension (DI) at grassland sites in the Middle Atlas Mountains 
(Morocco) and the Central Pyrenees (Spain) based on 54 line-transects (250 m each, 27 per 
region). 
 
   
Middle Atlas Grasslands 
 
 
           b          se        t       R2   F(1, 25)     P< 
DI vs Carex divisa -0.580 0.149 -3.89 0.386 15.12 0.001 
DI vs Poa bulbosa -0.267 0.109 -2.44 0.193 5.97 0.05 
DI vs Koeleria splendens -0.697 0.209 -3.33 0.410 11.10 0.01 
DI vs Stipa parviflora -0.450 0.128 -3.52 0.394 12.38 0.01 
DI vs Scleranthus annuus  -0.385 0.205 1.88 0.144 3.53 0.1 
DI vs Thymus sp -0.213 0.186 -1.14 0.056 1.31 NS 
DI vs Genista pseudopilosa 0.283 0.175 1.61 0.140 2.60 NS 
     
   Central Pyrenees Grasslands 
 
 
          b           se        t       R2   F(1, 25)     P< 
DI vs Agrostis capillaris 0.4425 0.169 2.62 0.223 6.87 0.01 
DI vs Nardus stricta 0.2734 0.098 2.78 0.259 7.71 0.01 
DI vs Trifolium repens 0.300 0.138 2.17 0.199 4.71 0.05 
DI vs Festuca rubra -0.16223 0.168 -0.97 0.036 0.93 NS 
DI vs Carex sp -0.3204 0.181 -1.77 0.115 3.12 0.1 
DI vs Trifolium alpinum -0.017 0.078 -0.22 0.003 0.05 NS 
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Appendix 1. Semivariogram using the exponential model and parameter values measured 
from bare soil patches at sampling sites in grasslands of the Middle Atlas Mountains 
(Morocco) and the Central Pyrenees (Spain). Data are from 54 line-transects (250 m long 
each, 27 per region). 
 
Site c0 c1 a F3, 12 P 
Atlas 0.113 ± 0.001 0.009 ± 0.002 54.21 ± 29.03 15.69 <.0004 
Atlas 0.174 ± 0.002 0.040 ± 0.007 146.6 ± 67.07 40.32 <.0001 
Atlas 0.154 ± 0.002 0.048 ± 0.003 97.68 ± 19.31 149.16 <.0001 
Atlas 0.164 ± 0.003 0.021 ± 0.003 23.91 ± 8.23 33.74 <.0001 
Atlas 0.141 ± 0.002 0.010 ± 0.003 37.33 ± 27.67 7.65 0.007 
Atlas 0.135 ± 0.004 0.008 ± 0.004 16.17 ± 19.24 2.73 NS 
Atlas 0.106 ± 0.002 0.027 ± 0.005 152.5 ± 71.72 39.9 <.0001 
Atlas 0.201 ± 0.009 0.040 ± 0.008 9.93 ± 3.65 27.1 <.0001 
Atlas 0.225 ± 0.002 0.025 ± 0.016 219.8 ± 275.4 9.12 0.0039 
Atlas 0.219 ± 0.002 0.028 ± 0.004 98.65 ± 43.77 29.82 <.0001 
Atlas 0.146 ± 0.002 0.024 ± 0.003 36.68 ± 11.37 43.6 <.0001 
Atlas        0 ± 0 0.149 ± 0.001 1.35 ± 0.10 32.03 <.0001 
Atlas 0.111 ± 0.001 0.075 ± 0.061 739.8 ± 737.4 119.1 <.0001 
Atlas 0.153 ± 0.002 0.024 ± 0.003 77.98 ± 32.82 28.85 <.0001 
Atlas 0.120 ± 0.002 0.017 ± 0.002 33.01 ± 13.12 26.17 <.0001 
Atlas 0.109 ± 0.001 0.068 ± 0.065 675.3 ± 818.2 67.82 <.0001 
Atlas 0.100 ± 0.002 0.014 ± 0.002 60.14 ± 30.43 18.07 <.0002 
Atlas 0.118 ± 0.002 0.014 ± 0.002 20.79 ± 7.95 27.04 <.0001 
Atlas 0.111 ± 0.003 0.038 ± 0.003 26.94 ± 6.09 79.08 <.0001 
Atlas 0.033 ± 0.0008 0.011 ± 0.001 57.85 ± 17.06 52.61 <.0001 
Atlas 0.063 ± 0.01 0.007 ± 0.010 4.26 ± 6.43 1.39 NS 
Atlas 0.112 ± 0.002 0.015 ± 0.003 41.43 ± 17.82 23.06 <.0001 
Atlas 0.096 ± 0.001 0.016 ± 0.008 252.3 ± 221.1 22.94 <.0001 
Atlas 0.150 ± 0.002 0.011 ± 0.002 46.27± 30.87 9.77 0.003 
Pyrenees 0.009 ± 0.0002 0.002 ± 0.01 393.6 ± 3239.1 1.97 NS 
Pyrenees 0.012 ± 0.0004 0.004 ± 0.002 100.4 ± 92.73 14.09 0.001 
Pyrenees 0.142 ± 0.002 0.009 ± 0.002 43.075 ± 35.93 7.32 0.01 
Pyrenees 0.032 ± 0.001 0.02 ± 0.001 11.78 ± 1.66 185.29 <.0001 
Pyrenees 0.062 ± 0.002 0.026 ± 0.003 46.12 ±16.70 40.65 <.0001 
Pyrenees 0.061 ± 0.008 0.031 ± 0.008 8.27 ± 3.37 20.99 0.0003 
Pyrenees 0.047 ± 0.006 0.005 ± 0.006 3.71 ± 4.62 2 NS 
Pyrenees 0.023 ± 0.0009 0.002 ± 0.001 25.76 ± 41.53 1.59 NS 
Pyrenees 0.110 ± 0.006 0.031 ± 0.006 18.77 ± 9.00 16.99 0.0006 
Pyrenees 0.125 ± 0.010 0.027 ± 0.009 8.8676 ± 5.20 10.25 0.004 
Pyrenees 0.046 ± 0.001 0.007 ± 0.002 56.31 ± 42.35 11.01 0.003 
Pyrenees 0.133 ± 0.003 0.016 ± 0.004 35.82 ± 26.22 8.63 0.007 
Pyrenees 0.031 ± 0.001 0.0008 ± 0.002 28.32 ± 162.1 0.13 NS 
Pyrenees 0.104 ± 0.004 0.076 ± 0.005 46.43 ±9.47 128.73 <.0001 
Pyrenees 0.009 ± 0.005 0.010 ± 0.005 6.83 ± 4.81 6.76 0.01 
Pyrenees 0.035 ± 0.059 0.023 ± 0.058 1.53 ± 1.82  2.54 NS 
Pyrenees 0.041 ± 0.001 0.006 ± 0.001 21.16 ± 10.98 14.79 0.001 
Pyrenees 0.062 ± 0.002 0.0091± 0.003 32.21 ± 28.17 5.79 0.02 
Pyrenees         0 ± 0 0.015 ± 0.0004 1.35 ± 0.39 2.41 NS 
Pyrenees 0.010 ± 0.0002 0.003 ± 0.004 206.5 ± 392 11.14 0.003 
Pyrenees 0.037 ± 0.173 0.028 ± 0.173 1.06 ± 2.21 0.87 NS 
Pyrenees 0.019 ± 0.004 0.023± 0.004 6.24 ± 1.52 55.85 <.0001 
Pyrenees 0.028 ± 0.0007 0.011 ± 0.012 189.1 ± 315.9 12.3 0.002 
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